Explosive-contaminated land poses a hazard both to the environment and to human health. Microbial enzymes, either in their native or heterologous hosts, are a powerful and low-cost tool for eliminating this environmental hazard. As many explosives have only been present in the environment for 10 years, and with similar molecules not known in Nature, the origin of enzymes specialized for the breakdown of explosives is of particular interest. Screening of environmental isolates resulted in the discovery of flavoproteins capable of denitrating the explosives pentaerythritol tetranitrate (PETN) and glycerol trinitrate. These nitrate ester reductases are related in sequence and structure to Old Yellow Enzyme from Saccharomyces carlsbergenisis. All the members of this family have α/β barrel structures and FMN as a prosthetic group, and reduce various electrophilic substrates. The nitrate ester reductases are, however, unusual in that they display activity towards the highly recalcitrant, aromatic explosive 2,4,6-trinitrotoluene, via a reductive pathway resulting in nitrogen liberation. We have embarked on a detailed study of the structure and mechanism of PETN reductase from a strain of Enterobacter cloacae. Work is focused currently on relating structure and function within this growing family of enzymes, with a view to engineering novel enzymes exhibiting useful characteristics.
Introduction
Explosives can be broadly classified into three groups: nitroaromatics [e.g. trinitrotoluene (TNT)], nitramines (e.g. hexahydro-1,3,5-trinitro-1,3,5-triazine) and nitrate esters [e.g. glycerol trinitrate (GTN) and pentaerythritol tetranitrate (PETN)] (Figure 1 ). The manufacture, storage and disposal of explosive compounds has resulted in extensive contamination of the environment; this is a matter of increasing concern, since many of these compounds are both toxic and highly recalcitrant. GTN is toxic to aquatic organisms, with an LC 50 of between 1.5 and 3 mg/l [1] . TNT is particularly toxic; in the first year of the First World War 475 munitions workers died in the U.S.A. due to poisoning from TNT exposure [1] . Although TNT has not been manufactured in the U.S.A. or Europe for approx. 20 years, particular environmental problems still persist from TNT manufacture during the Second World War.
These energetic compounds are new to Nature, having been introduced to the environment by man in the last 100 years. The origin of mechanisms used by micro-organisms to tolerate, or even derive nutrition from these compounds is, therefore, of fundamental interest. Characterization of such breakdown mechanisms also offers the prospect of utilizing either the organisms or their component enzymes in the identification and bioremediation of contaminated land. With an understanding of the molecular basis for the reactions, the ability to engineer these mechanisms to improve their efficiency or alter their specificity will undoubtedly follow.
Nitrate ester reductases
Very similar enzymes have been identified in all bacteria in which the degradation of nitrate ester explosives has been characterized in detail. The enzymes catalyse the nicotinamide-cofactor-dependent reductive cleavage of nitrate esters to give the corresponding alcohol and nitrite. PETN reductase from Enterobacter cloacae PB2 is a monomeric protein of approx. 40 kDa, which requires NADPH for activity [2] . This enzyme sequentially removes two of the four nitro groups of PETN, and two of the three groups of GTN. Similar enzymes were found to be responsible for the nitrate ester degrading activity in Agrobacterium radiobacter [3] ('nitrate ester reductase'), and in strains of Pseudomonas fluorescens and P. putida [4] ('xenobiotic reductases'). All utilize a non-covalently bound FMN as a redox cofactor. The Agrobacterium enzyme differs from the others in requiring NADH as the source of reducing equivalents. The genes that encode the nitrate ester reductases from E. cloacae, A. radiobacter, P. putida and P. fluorescens have been cloned [3] [4] [5] Figure 1 Chemical structures of some important explosives.
they display high sequence identity, constituting a new family of related enzymes. The characteristics of these enzymes set them clearly apart from glutathione-and iron-dependent enzymes implicated in mammalian and fungal transformation of nitrate esters.
With the growth in genomic sequencing projects, the existence of many uncharacterized relatives of the nitrate ester reductases is becoming apparent. Basic local alignment searches of the protein sequence of PETN reductase against completed and unfinished microbial genomes [6] reveal several related enzymes in Gram-negative prokaryotes (Figure 2) , and there are several yeast and plant homologues. There appears to be a strong level of sequence conservation across the family in Gram-negative bacteria, yeast and plants, although several bacterial genomes that have been completely sequenced lack an orthologue. Alignment of deduced protein sequences from genes in the family shows, as expected, that residues intimately involved in FMN binding and hydrogen bonding in the active site are well conserved. The true physiological role of these enzymes is at present unknown. The wide distribution of closely related enzymes suggests that a conserved function exists; a role in oxidativestress response [7] or fatty-acid metabolism is possible.
Biological transformation of TNT
The microbial degradation of nitroaromatic compounds has been an area of intense research, and has been reviewed extensively [8] [9] [10] . Transformation of these compounds falls into two basic categories: fortuitous transformation by anaerobic bacteria and fungi, mainly to the amino derivatives, and aerobic bacterial degradation, which permits the utilization of nitroaromatics as both carbon and nitrogen sources for growth. Favoured strategies to release the nitro group include mono-oxygenase-catalysed cleavage to yield a hydroxyl group and nitrite, and dioxygenase-catalysed cleavage to yield a diol and nitrite. However, in the case of TNT, significant electron-withdrawal by the three nitro groups renders electrophilic attack of the aromatic ring much harder to achieve, and no oxygenases have yet been discovered that display activity towards TNT.
A wide variety of enzymes, in both prokaryotic and eukaryotic cells, can catalyse the reduction of the nitro group of nitroaromatic compounds. In the majority of these enzymes, nitroreductase activity is probably not the physiological role of the enzyme -the nitro group readily acts an electron acceptor. Enzymes acting as nitroreductases have been classified according to their ability to catalyse nitroreduction in the presence of oxygen [11] . Type I (oxygen-insensitive) nitroreductases reduce the nitro group in two-electron increments, while Type II (oxygen-sensitive) nitroreductases catalyse one-electron reduction to form a nitro radical, which rapidly reacts with oxygen to re-form the nitro group, preventing any net transformation in the presence of oxygen. While there appear to be few features shared by these two classes of enzymes, it has become apparent that many enteric bacteria possess closely related Type I nitroreductases. In particular, enzymes from Enterobacter cloacae [12, 13] and Escherichia coli [14] have been cloned and characterized. Under aerobic conditions, trinitrotoluene is generally reduced to produce aminodinitrotoluenes or, occasionally, diaminonitrotoluenes. Anaerobic transformation of TNT can result in the slow formation of triaminotoluene. These compounds are not believed to be subject to further metabolism; their probable fate is polymerization to form amide, imine, or azo/azoxy polymers [15] , or adsorption/irreversible binding to soil [16, 17] .
An unusual feature of trinitroaromatic compounds is their susceptibility to direct reductive attack of the aromatic ring. This was reported initially in a strain of Rhodococcus erythropolis able to use picric acid (2,4,6-trinitrophenol) as a source of nitrogen [18] . Hydride addition to picric acid yielded a hydrideMeisenheimer complex, which was further converted into 2,4-dinitrophenol with the liberation of nitrite. Recent characterization of a similar activity in a strain of Nocardiodes simplex has demonstrated the involvement of a coenzyme F420-dependent hydride transferase [19] . An analogous transformation of TNT to hydride-Meisenheimer and dihydride-Meisenheimer complexes has been characterized in Rhodococcus and Mycobacterium spp. [11] .
Transformation of TNT by nitrate ester reductases
While nitrate ester reductases have been isolated on the basis of their ability to liberate nitrite from PETN and GTN, it is apparent from the study of E. cloacae PETN reductase that they might also share an ability to reduce TNT. E. cloacae PB2 was observed to grow very slowly on TNT as a sole nitrogen source in mineral media salts with glucose as the sole carbon source [20] . To determine whether PETN reductase might play a role in the degradation of TNT by E. cloacae PB2, PETN reductase was added to reaction mixtures containing TNT and NADPH. The reaction mixtures developed an orange colour with an absorbance maximum at approx. 500 nm, suggesting the formation of products in which aromaticity has been disrupted ( Figure 3 ). No such coloured products were generated in the absence of enzyme, TNT or NADPH.
The hydride-Meisenheimer complex of TNT has a characteristic absorption spectrum which does not match that observed in the reduction of TNT by PETN reductase. However, repeated experiments have shown that a reducing agent, sodium borohydride, reduces TNT initially to the hydrideMeisenheimer complex, and subsequently to one or more orange products with absorption spectra similar to that observed with PETN reductase [20] . Reaction mixtures resulting from the reduction of TNT by PETN reductase/ NADPH or sodium borohydride were analysed by HPLC. Products were detected at 260 nm (UV) and 500 nm (visible). Absorbance spectra of each peak were also measured. Chemical reduction of TNT resulted in a peak with the characteristic spectrum of the hydride-Meisenheimer complex, and at least five other visible peaks. In enzymic reaction mixtures, two visible peaks appeared, matching the chemical peaks in retention times and absorption spectra. Chemical reduction experiments suggest that the initial product is the hydrideMeisenheimer complex, with further reduction leading to the other products observed.
Time-course analysis of the reduction of TNT by PETN reductase/ NADPH has confirmed that the hydride-Meisenheimer complex is present transiently, prior to the accumulation of orange products similar to those reported in transformations of TNT by Rhodococcus and Mycobacterium spp.
[11].
Nitrite is formed by the action of PETN reductase on TNT [20] . In one reaction mixture incubated for a period of several days with an enzymic NADPH regeneration system to regenerate NADPH oxidized by PETN reductase, it was found that 1.0 mol nitrite per mol of TNT initially present had been liberated. The stoichiometry and timing of nitrite release have yet to be determined. Nitrite may be released by slow, non-enzymic breakdown of one or more of the reaction products.
Many flavin-containing enzymes act as nitroreductases, and hydroxylamino-and amino-dinitrotoluenes were produced from TNT both by PETN reductase and cloned E. cloacae nitroreductase [13] . Therefore, PETN reductase transforms TNT by two separate routes, reducing either the nitro group or the aromatic ring (Figure 3 ). The inability of E. cloacae nitroreductase to liber-ate nitrite from TNT [20] suggests that nitrite is more likely to be a product of the hydride addition pathway. 
Figure 3 Products of TNT metabolism by nitrate ester reductases.
Each step involves the oxidation of NADPH to NADP ϩ . Nitroso-dinitrotoluene has not been directly observed.
Since the final reaction products of TNT reduction by PETN reductase contain less nitrogen than TNT, and appear to be water-soluble and non-aromatic, they are likely to be less toxic and less recalcitrant than TNT or the products of nitroreductase transformation of TNT. Therefore, nitrate ester reductase enzymes with enhanced hydride-transferase activity may be useful in the remediation of TNT-contaminated soil and water. To this end, transgenic plants expressing PETN reductase have been investigated [21] .
In order to investigate the structural basis for the TNT hydride-transferase activity of PETN reductase, four related enzymes were studied to make a structural and functional comparison. The criteria of a published gene sequence and genetic diversity were used to select enzymes. On this basis, PETN reductase from the type strain of E. cloacae, Escherichia coli N-ethylmaleimide reductase [22] , P. putida M10 morphinone reductase [23] , and Saccharomyces carlsbergensis Old Yellow Enzyme (OYE) [24] were chosen. The pairwise similarity of the enzyme amino-acid sequences ranges from 96 to 44%. Each of the enzymes in the group has been reported on the basis of their ability to catalyse a particular, unusual, reaction of interest. The activity of individual enzymes against the characteristic substrates of other group members has not been investigated previously.
While all the enzymes studied showed some slow activity against TNT, the nature of the products seemed to vary, with only the close relatives of PETN reductase yielding the orange-coloured products indicative of reduction of the aromatic ring. The nature of the activity against TNT was investigated further. To attempt a quantitative analysis of metabolite formation, and to assess the order in which metabolites were formed, incubations of enzyme with TNT were sampled repeatedly and analysed by ion-pair HPLC. TNT was consumed completely; the major intermediate metabolites produced were hydroxylamino-dinitrotoluene and dihydride-Meisenheimer complexes. The ratio of metabolites produced varied considerably across the five enzymes, with the E. cloacae and E. coli enzymes producing less of the hydroxylamino products. With the analytical techniques used, only amino-dinitrotoluene is seen to accumulate, yet this accounts for a maximum of 4% of the mass balance. The formation of other, polar, metabolites was observed by HPLC, but identification and quantification have not yet proved possible. From the UV/visible spectrum, it appears that dihydroxylamino-nitrotoluene may be formed in preference to amino-dinitrotoluene.
Role of key active-site residues
A crystallographic structure of OYE has been published [25] and is shown in Figure 4 . Partially refined co-ordinates from crystallography of PB2 PETN reductase [26, 27] and morphinone reductase [27, 28] are available. The E. cloacae NCIMB10101 and E. coli enzymes are closely related to PB2 PETN reductase, and homology modelling of these structures using the co-ordinates of PB2 PETN reductase as a template yielded plausible results. The active-site structures of all five enzymes are very similar, and the roles of certain residues in the OYE active site are quite well understood. In the crystal structure of OYE in complex with p-hydroxybenzaldehyde, the phenolate oxygen forms two hydrogen bonds to His-191 and Asn-194, displacing a chloride ion bound in the empty oxidized enzyme structure ( Figure 5 ). Anchored in this position, the phenolic ring forms a -stacking interaction with the flavin. The inhibitor ␤-estradiol binds in a similar manner. If the ␣,␤-unsaturated carbonyl substrate 2-cyclohexenone were to bind with the oxygen bound by His-191 and Asn-194, the substrate's ␤-carbon would be aligned above the flavin N5 atom. This correlates with previous data suggesting hydride transfer from the flavin N5 atom to the ␤-carbon. Site-directed mutagenesis has implicated Tyr-196 in transfer of a proton to the ␣-carbon [29] , completing the saturation of the double bond.
The residues critical for activity in OYE are present in all the nitrate ester reductases, although Asn-194 is substituted by histidine in PETN reductase and close relatives. Given this high degree of similarity, and given that PETN reductase is also active against cyclohexenone, it is reasonable to expect that the basic mechanism of OYE is also applicable to hydride transfer reactions catalysed by nitrate ester reductases. OYE saturates nitrocyclohexene [29] , and therefore a nitro group will substitute for a carbonyl or phenolate functionality as a ligand for the His-Asn pair. It is, therefore, not hard to rationalize the binding of nitrate esters to nitrate ester reductases. There is no equivalent of the olefinic ␤-carbon in nitrate ester substrates, and it is not yet clear whether hydride transfer is involved in the reductive denitration of nitrate esters. It might well be the case that nitrate ester reductases can catalyse both hydride transfer and sequential electron transfer reactions, with nitrate ester reduction falling into the latter category. 
Nitrate ester reductases as templates for engineered enzymes
Proteins with an ␣/␤-barrel fold, such as OYE and the nitrate ester reductases, form attractive targets for protein engineering. The combined structural information implies that the active sites of the enzymes are formed by a small number of residues from loops at the top of the barrel. Structural variation in these loops is unlikely to affect the stability of the enzyme as a whole, suggesting that engineering of altered or enhanced specificity may be feasible. Indeed, a recent paper has demonstrated the feasibility of both designed and random mutagenesis of such loop regions in E. coli indole-3-glycerol-phosphate synthase [30] .
The substrate binding site in the nitrate ester reductases is relatively small, and as much of its base is contributed by the flavin molecule, there are a limited number of candidates for site-directed mutagenesis around the active sitecertainly less than ten. Of these, three appear to be potentially involved in hydrogen bonding. The others seem to provide a generally amorphous hydrophobic environment, with little obvious basis for specific recognition, which is consistent with the wide range of ligands shown to bind OYE and homologues.
The substitution of His (186 in PETN reductase) for Asn (194 in OYE) in PETN reductase and close relatives may affect the strength of hydrogen-bonding interactions with the substrate molecule. This effect has been explored in OYE by assessing binding affinity of phenols with a range of pK a values [31] , with the conclusion that Asn-191/His-194 and Asn-191/Asn-194 mutants showed considerably weaker hydrogen-bonding potential. As hydrogen bonding with substrate oxygen is involved in activating the ␤-position for hydride acceptance by ␣,␤-unsaturated carbonyl substrates, the difference in hydrogenbonding residues in those enzymes with TNT hydride transferase activity could be significant.
Tyr-196 of OYE has been shown to be necessary for activity against substrates requiring concerted addition of a proton at the ␣-position, with hydride at the ␤-position [29] . While this residue is conserved in 39 out of 46 members of the OYE family, in morphinone reductase tyrosine is substituted by cysteine. The fact that morphinone reductase is the only enzyme with detectable codeinone reductase activity could be a coincidence, but the lower pK a or smaller size of cysteine might be significant. As codeinone is a comparatively large substrate, substrate binding interactions irrelevant for smaller substrates might also be important.
Metabolism of TNT by the OYE family proceeds via two pathways, with the relative fluxes varying between enzymes. This variation suggests that the balance of products formed may be amenable to control by protein engineering. The absence of significant hydride transferase activity towards TNT in OYE and morphinone reductase suggests that this unusual activity is confined to close relatives of PETN reductase. Because OYE reduces many of its known products by hydride transfer, the lack of significant activity against TNT is at first sight surprising. It is possible that PETN reductase binds TNT in a manner which activates the 3-position for hydride acceptance. Alternatively, variation in the levels of competing nitroreductase activity may account for the difference between the enzymes.
The combination of structural and functional information now available for the nitrate ester reductases makes the rational redesign of these enzymes a realistic proposition. The role of key active-site residues in TNT reduction is being explored by site-directed mutagenesis. With the structural information available, it is possible to predict regions of the protein structure responsible for dictating substrate specificity. Libraries of genes mutated in these regions are being screened for altered substrate specificity, using a colorimetric assay for nitrite release. 
